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The pgp1 Mutant Locus of Arabidopsis Encodes a
Phosphatidylglycerolphosphate Synthase with
Impaired Activity1
Changcheng Xu2, Heiko Ha¨rtel2,3, Hajime Wada, Miki Hagio, Bin Yu, Chris Eakin, and
Christoph Benning*
Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, Michigan
48824–1319 (C.X., H.H., B.Y., C.E., C.B.); and Department of Biology, Faculty of Sciences, Kyushu University,
Ropponmatsu, Fukuoka 810–8560, Japan (H.W., M.H.)
Phosphatidylglycerol is a ubiquitous phospholipid that is also present in the photosynthetic membranes of plants. Multiple
independent lines of evidence suggest that this lipid plays a critical role for the proper function of photosynthetic
membranes and cold acclimation. In eukaryotes, different subcellular compartments are competent for the biosynthesis of
phosphatidylglycerol. Details on the plant-specific pathways in different organelles are scarce. Here, we describe a
phosphatidylglycerol biosynthesis-deficient mutant of Arabidopsis, pgp1. The overall content of phosphatidylglycerol is
reduced by 30%. This mutant carries a point mutation in the CDP-alcohol phosphotransferase motif of the phosphatidyl-
glycerolphosphate synthase (EC 2.7.8.5) isoform encoded by a gene on chromosome 2. The mutant shows an 80% reduction
in plastidic phosphatidylglycerolphosphate synthase activity consistent with the plastidic location of this particular isoform.
Mutant plants are pale green, and their photosynthesis is impaired. This mutant provides a promising new tool to elucidate
the biosynthesis and function of plastidic phosphatidylglycerol in seed plants.
Phosphatidylglycerol (PG) is one of the most com-
mon phosphoglycerolipids found in nature. It is the
only major phospholipid present in the thylakoid
membranes of plant chloroplasts (Marechal et al.,
1997) and the only phospholipid in cyanobacteria,
which strikingly resemble plant chloroplasts in their
lipid composition (Murata and Nishida, 1987). A
large body of correlative and direct evidence sug-
gests that PG is critical for the structural and func-
tional integrity of the thylakoid membrane. Thus, the
presence of specific molecular species of PG in pho-
tosynthetic membranes correlates well with low-
temperature-induced photoinhibition and chilling
sensitivity of plants and cyanobacteria (Murata et al.,
1992; Somerville, 1995). Light-harvesting pigment-
protein complexes of PSII are specifically enriched in
PG (Murata et al., 1990; Tremolieres et al., 1994).
Moreover, PG is crucial for the in vitro trimerization
of the major peripheral light-harvesting pigment-
protein complexes (Nussberger et al., 1993; Hobe et
al., 1994; Ku¨hlbrandt, 1994) and the dimerization of
the reaction/center core pigment-protein complexes
of PSII (Kruse et al., 2000). It is also an integral
component of the PSI reaction center (Jordan et al.,
2001) and is required for the in vitro reconstitution of
the light-harvesting pigment-protein complexes of
PSI (Schmid et al., 1997). Thylakoid membranes
treated with phospholipase A2 are PG depleted and
are inhibited in their photosynthetic electron trans-
port activities (Jordan et al., 1983; Siegenthaler et al.,
1987). Furthermore, the anionic lipid PG interacts
with the transit peptide of chloroplast precursor pro-
teins during protein import into chloroplasts (van’t
Hof et al., 1993).
PG-deficient auxotrophic mutants of the cyanobac-
terium Synechocystis sp. PCC6803 that are severely
impaired in photosynthesis have recently been iso-
lated (Hagio et al., 2000; Sato et al., 2000). Two Ara-
bidopsis mutants, pho1 and ats1(act1), are known that
show, among other phenotypes, a decreased relative
amount of PG (Ha¨rtel et al., 1998a; Kunst et al., 1988;
Poirier et al., 1991). However, because both mutants
are affected in multiple aspects of lipid metabolism,
their usefulness for the investigation of specific PG
functions in photosynthetic membranes of seed
plants is limited.
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Two enzymatic reactions are specific to PG biosyn-
thesis in plants, the formation of phosphatidylglyc-
erolphosphate (PGP) from CDP-diacylglycerol and
glycerol-3-phosphate catalyzed by the PGP synthase
(EC 2.7.8.5), and the subsequent dephosphorylation
by PGP phosphatase (EC 3.1.3.27; Moore, 1982; An-
drews and Mudd, 1986; Kinney, 1993). Labeling stud-
ies indicate that enzymatic activity involved in PG
biosynthesis is associated with the inner mitochon-
drial membrane, the endoplasmic reticulum, and the
chloroplast (Moore, 1982; Kinney, 1993, and refs.
therein), suggesting that at least three isoforms of
PGP synthase and PGP phosphatase exist in plant
cells. None of them has been purified to homogeneity
and studied in vitro. Here, we describe a chemically
induced, PG-deficient mutant of Arabidopsis, pgp1,
with a mutation in one isoform of PGP synthase.
RESULTS
Isolation of a New PG-Deficient Mutant of Arabidopsis
To isolate mutants of Arabidopsis deficient in the
biosynthesis of complex lipids, we designed a brute
force screening procedure based on thin layer-
chromatographic analysis of lipid extracts from
leaves of a chemically mutagenized Arabidopsis M2
population. Screening 3,000 M2-plants from 20 inde-
pendent batches for lipid alterations by thin layer
chromatography (TLC) of lipid extracts, we were not
only able to isolate a galactolipid-deficient dgd1 mu-
tant as previously described (Do¨rmann et al., 1995)
but also two mutant lines with a slight reduction in
PG content. One of these mutant lines was dark
green, small, and resembled the pho1 mutant in ap-
pearance, whereas one mutant was pale green in
color. Because of phosphate deprivation of the pho1
mutant in which the primary defect is in the translo-
cation of phosphate from the root to the shoot system
(Poirier et al., 1991), the relative content of phospho-
lipids including PG is reduced, whereas the content
of non-phosphorous lipids is increased (Essigmann et
al., 1998; Ha¨rtel et al., 1998a). Unlike the pale green
mutant, the dark green mutant was reduced in leaf
phosphate content, and Yves Poirier confirmed by
genetic complementation analysis that it carries a
mutant allele of the pho1 locus (Y. Poirier, personal
communication). The pale green mutant, designated
pgp1 and back-crossed three times, is shown in Figure
1. Its growth was slightly reduced and, particularly
under photoautotrophic growth conditions, develop-
ing young leaves in the center of the mutant rosette
were yellowish in color (Fig. 1C). TLC of lipid ex-
tracts from expanded leaves followed by quantitative
analysis of lipid composition of the pgp1 mutant
showed that the PG content was reduced by approx-
imately 30% (Table I). For comparison, we also in-
cluded the analysis of the pho1 and the ats1(act1)
mutants. In all three cases the reduction in PG con-
tent was similar. However, contrary to pgp1 and
ats1(act1), the pho1 mutant showed an increase in the
relative amounts of the sulfolipid sulfoquinovosyl-
diacylglycerol and the galactolipid digalactosyldia-
cylglycerol, a phenotype characteristic for pho1 (Ha¨r-
tel et al., 1998a).
The primary defect in the ats1(act1) mutant is a
reduction in the activity of the plastidic glycerol-3-
phosphate:acyl-ACP acyltransferase (Kunst et al.,
1988). As a consequence, the plastid pathway of lipid
assembly (Heinz and Roughan, 1983; Browse et al.,
1986; Browse and Somerville, 1991) in this plant is
shut down, and molecular species of monogalacto-
syldiacylglycerol containing 16:3 fatty acids (16 car-
bons, three double bonds) are strongly reduced. This
phenotype was not visible in the fatty acid composi-
tion of monogalactosyldiacylglycerol of pgp1, which
had an overall fatty acid composition similar to wild
type (data not shown). Furthermore, morphology
and growth of ats1(act1) are similar to wild type,
unlike that observed for pgp1 (Fig. 1). This pheno-
typic analysis suggested that pgp1 was not a new
allele of pho1 or ats1(act1), but a new locus affecting
the biosynthesis of PG as was confirmed by genetic
mapping (see below).
The pgp1 Locus Maps in the Proximity of a Putative
PGP Synthase Gene on Chromosome 2
To narrow down the search for a candidate gene
affected in pgp1, genetic mapping of the mutation
leading to PG deficiency in pgp1 was employed. For
this purpose we crossed pgp1, which is in the Col-2
genetic background, to a PGP1 wild-type line in the
Ler-0 genetic background. In the F1 generation, all
plants were phenotypically indistinguishable from
wild type with regard to PG content based on semi-
quantitative TLC analysis with an example shown in
Figure 2A (top, left two lanes). However, in the F2
generation of 233 plants screened, 54 (23%) plants
were recovered with a reduced amount of PG, as
shown for the homozygous pgp1 mutant in Figure
2A, whereas lipid extracts from all other plants were
indistinguishable from wild-type extracts. Without
exception, only these 54 plants were also reduced in
growth. The F3 progeny of these plants no longer
segregated, suggesting that they represent the ho-
mozygous mutant fraction. The nearly three to one
segregation observed for the F2 plants was in agree-
ment with a single nuclear recessive mutation that is
responsible for the PG deficiency in the pgp1 mutant.
A small mapping population of 42 homozygous pgp1
mutants derived from this cross was used to map
simple sequence polymorphic markers (SSLPs; Bell
and Ecker, 1994) relative to the pgp1 locus. Only
markers on chromosome 2 at approximately 70
centimorgans showed linkage to pgp1. Recombina-
tion frequencies and calculated map distances for this
region are shown in Figure 3A. Two minimally over-
lapping bacterial artificial chromosomes (BACs) se-
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quenced by The Arabidopsis Genome Initiative (2001),
one containing the most tightly linked SSLP marker
nga168 as derived from The Arabidopsis Information
Resource Web page (http://www.Arabidopsis.org),
are shown in Figure 3B. The nucleotide sequence of
T16B24 (GenBank accession no. AC004697) contains
an open reading frame (BAC locus T16B24.7; nucleo-
tides 78, 883–880, 690; gene At2g3920) with a trans-
lated amino acid sequence (GenBank accession no.
AAC28995) annotated as CDP-diacylglycerol glycerol-
3-phosphate 3-phosphatidyltransferase (PGP syn-
thase). The predicted intron-exon structure for this
gene is shown in Figure 3C and was later confirmed
after the isolation of the cDNA (see below). Searching
the amino acid sequence (Altschul et al., 1990) of PGP
synthase from Escherichia coli (GenBank accession no.
P06978) against all amino acid sequences of Arabidop-
sis confirmed this open reading frame on chromosome
2 as putative PGP synthase and revealed two addi-
tional putative PGP synthase genes of Arabidopsis,
one on chromosome 3 (BAC locus T15C9.30; gene
At3g55030) and one on chromosome 4 (BAC locus
T4B21.19; gene At4g04870). Targeting signal analysis
(Emanuelsson et al., 2000) suggested that, of all three
putative PGP synthases, only the one encoded on
chromosome 2 contained a putative chloroplast transit
peptide.
The pgp1 Mutant Is Recognizable by a Distinct
RFLP in BAC Locus T16B24.7
To determine the exact molecular defect in the pgp1
mutant, a detailed analysis of the presumed PGP
synthase locus on chromosome 2 was conducted in
the mutant and the wild type. By chance, we discov-
ered during the restriction analysis of cloned frag-
ments derived from the mutant that the T16B24.7
equivalent locus in the pgp1 mutant is missing a
BamHI restriction site resulting in a RFLP. Figure 2B
shows a comparison of wild-type and pgp1 genomic
Figure 1. Growth and morphology of Arabidop-
sis wild type and pgp1 mutant. A, Six-week-old
plants grown for 10 d on agar-solidified Murash-
ige and Skoog medium with 1% (w/v) Suc fol-
lowed by photoautotrophic growth on soil. B,
Three-week-old plants grown on agar-solidified
Murashige and Skoog medium with 1% (w/v)
Suc. C, Three-week-old plants grown on soil.
Note the yellow tissues in the center of the
mutant rosette.
Xu et al.
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DNA restricted with BamHI/XbaI or just BamHI and
probed with a 987-bp genomic DNA fragment from
the beginning of the open reading frame to the BamHI
site present in the wild type (GenBank accession no.
AC004697; nucleotides 78,777–79,764). In both digests,
the size of the hybridizing fragment is increased in the
pgp1 sample as predicted from the genomic sequence
for the loss of a specific BamHI site (GenBank acces-
sion no. AC004697; nucleotide 79,764). Sequence anal-
ysis of the entire coding region of the respective gene
isolated by PCR from wild-type and mutant genomic
DNA confirmed a mutation altering the BamHI site
(Fig. 2B).
Expression of a cDNA Derived from Wild-Type Locus
T16B24.7 Restores PG Biosynthesis in the pgp1
Mutant Background
To obtain conclusive evidence that the deficiency in
PG biosynthesis in the pgp1 mutant is indeed caused
by the observed mutation in the T16B24.7 locus, the
respective wild-type cDNA was isolated by reverse
transcriptase (RT)-PCR and cloned into a T-DNA
binary vector. This construct was used to transform
pgp1 mutant plants by vacuum infiltration. Several
hygromycin B resistant transformants were isolated,
and their lipid composition was examined by semi-
quantitative TLC. Lipid extracts from two indepen-
dent transformants are shown in Figure 2A (top).
Their lipid composition and their macroscopic ap-
pearance was indistinguishable from wild type. The
presence of the transgene construct was confirmed
by PCR as shown in Figure 2A (bottom). The genomic
sequence gives rise to a diagnostic fragment of 850
bp, whereas the transgene appears as 525-bp frag-
ment. The intermediate size fragment was isolated
and analyzed, but its sequence was unrelated to
PGP1 or any of its paralogs (data not shown). Thus,
introduction of the wild-type cDNA corresponding
to T16B24.7 into the mutant background rescued
lipid and morphological phenotypes, thereby con-
firming that the observed mutant phenotypes are
caused by a single mutation in the T16B24.7 locus.
BAC Locus T16B24.7 Encodes a Fully Functional PGP
Synthase in the Wild-Type But Not in the pgp1 Mutant
The mutation in pgp1 that abolished the BamHI site
mentioned above is located in the third exon of the
gene (Fig. 3C). In accordance, the predicted protein
carries a Pro-170 to Ser mutation. The alignment of
the predicted protein with the two other Arabidopsis
paralogs and known bacterial PGP synthases (Fig.
4A) revealed that this Pro residue is part of a con-
served active site motif for CDP-alcohol phospho-
transferases (Williams and McMaster, 1998). At the
beginning of this study, no experimental data were
available for any of the three putative PGP synthase
genes of Arabidopsis. To confirm that the wild-type
locus T16B24.7 indeed encodes a fully functional PGP
synthase, the respective full-length wild-type cDNA
(GenBank accession no. AB048535) was isolated as
described in “Materials and Methods.” In addition,
the corresponding cDNA from the pgp1 mutant was
cloned by RT-PCR. The 1,210-bp-long full-length
wild-type cDNA encodes a 296-amino acid protein
with a molecular mass of 32.2 kD. To test PGP syn-
thase activity for the respective wild-type and mu-
tant proteins, we expressed the cDNA for the pre-
dicted mature proteins (with the 93 N-terminal
amino acids missing) in the E. coli mutant YA5512.
This mutant is deficient in PGP synthase activity
(Asai et al., 1989) and carries a Thr-60 to Pro replace-
ment in the coding region of the pgsA gene (Usui et
al., 1994). Consequently, this strain has very low
residual PGP synthase activity leading to PG defi-
ciency. In addition, the content of cardiolipin is very
low because PG is a precursor for this lipid. Total
lipids extracted from lines of YA5512 transformed
with vector control (pQE32), the wild-type cDNA
(pQE32-PGP1), or mutant cDNA (pQE32-pgp1) ex-
pression constructs were quantified. Both wild-type
and mutant constructs partially restored the lipid
composition of the E. coli mutant, but the pgp1 mu-
tant construct did so to a lesser extent suggesting
reduced activity (data not shown). Based on this
result, it was concluded that PGP1 encodes a func-
tional PGP synthase. Because mutant and wild pro-
Table I. Leaf lipid composition of Arabidopsis wild type and mutantsa
WT pgp1 ats1(act1) pho1
mol%
MGDG 48.5  1.3 45.9  3.3 41.0  0.9 48.4  1.1
PG 8.4  0.6 5.6  0.8 5.5  0.6 4.9  0.3
DGDG 16.3  0.8 14.7  1.9 13.3  1.7 28.6  0.3
SQDG 1.2  0.4 1.0  0.3 1.1  0.4 5.8  0.3
PI 1.8  0.5 1.5  0.4 0.9  0.4 0.7  0.3
PE 9.1  0.3 13.1  1.2 13.8  0.7 4.3  1.2
PC 14.7  1.4 18.3  2.4 24.4  0.7 7.3  0.7
a Values represent means of three measurements. Plants were 25 to 30 d old. DGDG, digalactosyl-
diacylglycerol; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidyleth-
anolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SQDG, sulfoquinovosyldiacylglycerol.
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teins are expressed to the same extent in E. coli as
confirmed by gel electrophoresis of total proteins
(data not shown), the result suggested that the activ-
ity of the pgp1 mutant is impaired, but not abolished.
This was directly confirmed by enzymatic assays
under saturating substrate conditions in the linear
range of the assay of crude protein extracts from the
two E. coli strains as shown in Figure 4B. Three
independent clones were tested for each construct
and averaged. The specific activity of the mutant
protein was reduced to approximately one-third of
wild-type activity. The PGP synthase activity was not
detectable in the crude protein extracts from YY5512
or YY5512 hosting the empty vector pQE32 (data not
shown).
Plastidic PGP Synthase Activity Is Strongly
Reduced in the pgp1 Mutant
To determine the effect of the Pro-170 to Ser mu-
tation in the pgp1 mutant, PGP-synthase activity was
determined in isolated chloroplasts. When extracts
from isolated wild-type chloroplasts were incubated
with CDP-diacylglycerol and labeled glycerol-3-
phosphate in the dark, two major lipids were labeled,
PGP and PG, which was presumably derived from
PGP because of the action of PGP phosphatase (Fig.
5). In chloroplast extracts from the pgp1 mutant, the
incorporation of label into PGP was nearly abolished,
and the labeling of PG was markedly reduced (Fig.
5). In comparison, incorporation of labeled UDP-Gal
into galactolipids was not affected in the pgp1 mutant
(Fig. 5). The labeling pattern was more complex
when the PGP synthase assay was performed in the
light (data not shown). Fatty acid biosynthesis and de
novo lipid biosynthesis are apparently stimulated in
the light and lead to the incorporation of label from
glycerol-3-phosphate into the diacylglycerol moieties
of other lipids. We, therefore, quantified the PGP
synthase activity in dark-incubated chloroplasts by
determining the amount of label in the total lipid
extracts derived from the assay mixture. In the pgp1
mutant, the chloroplastic PGP synthase activity was
reduced to approximately 19% of wild-type activity
from 24.4  4.4 to 4.7  1.7 mol glycerol-3-
phosphate min1 mg1 chlorophyll.
Figure 2. Lipid phenotype of pgp1 and molecular defect. Sections of
a lipid chromatogram (top panel) and a DNA gel of PCR products
(bottom panel) of wild type, the pgp1 mutant, and two independent
transgenic pgp1 lines transformed with the PGP1 wild-type cDNA
(pgp1/cPGP1) are shown. Lipids were analyzed by TLC and stained
by exposure to iodine. Monogalactosyldiacylglycerol (MGDG), serv-
ing as loading control, and PG are shown. B, Restriction length
polymorphism in the pgp1 mutant locus. Sequence comparison of
the wild-type (PGP1) and mutant (pgp1) locus showing the mutated
BamHI site (top). The nucleotide number refers to the GenBank
accession number of the BAC clone T16B24 (accession no.
AC004697). Genomic Southern blot of the wild type and the pgp1
mutant probed with the PGP1 gene (bottom). Restriction digests are
indicated. Numbers indicate the size (in kilobases) of the fragments
marked by arrows.
Figure 3. The PGP1 locus on chromosome 2 of Arabidopsis. A,
Genetic map showing SSLP markers (positions on map), experimen-
tally determined map distances, and recombinant chromosomes/total
chromosomes analyzed for each marker. B, BACs from the genome
sequencing project and markers. C, Structure of the PGP1 gene (top)
and cDNA (bottom). The gray box represents the exon carrying the
mutation in pgp1. A, Poly(A) tail; ATG, start codon; TAG, stop codon;
TP, transit peptide.
Xu et al.
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Photosynthesis Is Impaired in the pgp1 Mutant
Although the loss of total PG in leaves of the pgp1
mutant does not exceed 30%, the growth of the mu-
tant was reduced, and the mutant plants appeared
pale green consistent with an impairment in photo-
synthesis (Fig. 1). This initial observation was con-
firmed by quantification of the pigment content of
fully expanded leaves (Table II). Chlorophyll a and b
as well as carotenoid amounts were reduced in the
mutant/and the ratio of chlorophyll a/b was in-
creased. This result points to an alteration in the
structure of the photosynthetic apparatus in the mu-
tant and explains the pale green color of pgp1 leaves.
To investigate the functionality of the photosynthetic
apparatus in the pgp1 mutant, we used noninvasive
chlorophyll fluorescence measurements. This tech-
nology is well established and was successfully used
to investigate photosynthetic competency and light
utilization of other Arabidopsis lipid mutants (Ha¨rtel
et al., 1997, 1998a, 1998b). Measurements under
steady-state conditions at a photosynthetic photon
fluence density comparable with that used for the
growth of the plants revealed a marked decrease in
the quantum yield of linear electron transport
through PSII (PSII) and in the efficiency of open PSII
units (Fv/Fm; Table II). A small (approximately 6%)
but significant decrease in the maximum photochem-
ical efficiency of PSII (Fv/Fm) was observed for the
mutant after a 1-h dark adaptation period. For com-
parison, the initial Fv/Fm ratios in the ats1(act1) and
pho1 mutant were 0.79  0.01 and 0.78  0.02, respec-
tively. Taken together, these alterations in the pig-
ment composition and photosynthetic light energy
utilization in the pgp1 mutant underline the impor-
tance of PG for the proper structure and function of
photosynthetic membranes in seed plants.
Figure 4. Active site mutation of PGP synthase in the pgp1 mutant.
A, Alignment of different Arabidopsis PGP1 paralogs (PGP2 and
PGP3) and bacterial PGP synthase orthologs. GenBank accession
numbers (Arabidopsis gene numbers) for the respective protein se-
quences are: Arab-PGP1, AAC28995 (At2g3920); Arab-PGP2,
CAB82698 (At3g55030); Arab-PGP3, CAB80852 (At4g04870); E.
coli, P06978; Rhodobacter sphaeroides, AAC44003; Bacillus subti-
lis, I39950; and Synechocystis sp., S76208. The arrow indicates the
Pro (Pro-170) to Ser change in the pgp1 mutant. B, Reduced specific
activity of the PGP1-Ser-170 mutant protein. Total activity in extracts
of the E. coli YA5512 PGP synthase-deficient mutant expressing
wild-type PGP1 cDNA (squares) or mutant pgp1 cDNA (circles) was
determined. The two graphs represent single representative experi-
ments. Equal amounts of protein were used. In addition, the mean
specific activity (SE) for three independent PCR constructs is pro-
vided. The PGP synthase activities in YA5512 and YA5512 contain-
ing pQE32 were not detectable.
Figure 5. Chloroplastic PGP synthase and galactolipid biosynthetic
activities in wild type and pgp1 mutant. Isolated and ruptured chlo-
roplasts were either incubated with labeled glycerol-3-phosphate
(Gro-3-P) and CDP-diacylglycerol (PGP synthase assay, left two
lanes) or with labeled UDP-Gal (galactolipid biosynthesis, right two
lanes). An autoradiograph of a thin layer chromatogram of labeled
lipid extracts is shown. Identified lipids were digalactosyldiacylglyc-
erol (DGDG), monogalactosyldiacylglycerol (MGDG), phosphatidyl-
glycerol (PG), and phosphatidylglycerolphosphate (PGP).
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DISCUSSION
The majority of PG in green plant tissues is local-
ized in the chloroplasts, and the biosynthesis of PG in
green plants has been studied in greatest detail using
intact or broken chloroplasts from pea (Pisum sati-
vum) leaves (Andrews and Mudd, 1986). Based on
pulse-chase labeling experiments, it was proposed
that PG biosynthesis proceeds in chloroplasts as
worked out for bacteria and yeast (Saccharomyces cer-
evisiae). First, CDP-diacylglycerol is formed from
CTP and phosphatidic acid through the action of
CDP-diacylglycerol synthase (EC 3.1.3.4). Plant
cDNAs encoding this enzyme have been recently
identified and expressed in E. coli (Kopka et al., 1997).
Although this reaction is required for PG biosynthe-
sis, it is not specific for this process, because CDP-
diacylglycerol also serves as precursor in the biosyn-
thesis of other phospholipids (Kinney, 1993). The
second step of PG biosynthesis involves the transfer
of glycerol-3-phosphate onto CDP-diacylglycerol
giving rise to PGP and CMP. This reaction is cata-
lyzed by PGP synthase (EC 2.7.8.5). Third, PGP is
hydrolyzed to PG and inorganic phosphate by PGP
phosphatase (EC 3.1.3.27). Although the latter two
reactions had been observed in pea chloroplasts (An-
drews and Mudd, 1986), no further biochemical anal-
ysis of the respective proteins has been performed. A
mutant deficient in one of the two enzymes involved
in plastidic PG biosynthesis would serve at least two
purposes. First, it would permit the study of PG
function in plastid membranes, and second, it would
provide experimental evidence that the pathway de-
scribed above indeed represents the major route of
PG biosynthesis in plastids. Based on our analysis,
pgp1 is just such a mutant, because it severely affects
plastidic PGP synthase activity. The experimental
evidence for this conclusion can be summarized as
follows: first, pgp1 maps within 1 centimorgan of
BAC T16B24.7 annotated as chloroplast-targeted PGP
synthase; second, complementation analysis employ-
ing a PGP synthase-deficient E. coli mutant con-
firmed the gene product of BAC locus T16B24.7 is
indeed a PGP synthase; third, introduction of wild-
type cDNA corresponding to T16B24.7 into the mu-
tant background rescued lipid and morphological
phenotypes; fourth, a mutation in the third exon of
T16B24.7 in pgp1 gives rise to an RFLP at the DNA
level, and at the protein level to a Pro-170 to Ser
substitution in a highly conserved motif characteris-
tic for CDP-alcohol phosphotransferase; and fifth,
PGP synthase activity in isolated chloroplasts of pgp1
is markedly reduced, consistent with the other find-
ings. Taken together, these observation provided an
unambiguous logical link between the molecular de-
fect and the biochemical phenotype in pgp1, as well
as a firm gene-product relationship between
T16B24.7 and the encoded PGP synthase.
Although the Pro-170 to Ser mutation in pgp1 af-
fects a highly conserved Pro in the active site (Wil-
liams and McMaster, 1998), the activity of the recom-
binant mutant protein was only reduced by
approximately two-thirds. Thus, the mutation in pgp1
is “leaky.” Although the relative amount of PG was
only reduced by 30% in the pgp1 mutant, this bio-
chemical defect led to a visible phenotype. More
detailed analysis revealed that pigment composition
and photosynthetic light utilization are affected in
this mutant, thereby explaining the slow growth and
the pale green appearance of pgp1. Chlorophyll b is
exclusively located in the light-harvesting pigment-
protein complexes of PSII and PSI. Therefore, a de-
crease of total chlorophyll content associated with an
increase in the chlorophyll a/b ratios in the pgp1 mu-
tant (Table II) indicates both a decrease in the total
number of photosystems and a stronger decline in
light-harvesting antenna complexes relative to the
chlorophyll a-containing reaction center/core com-
plexes. Chlorophyll fluorescence measurements on
intact leaves revealed that the chlorophyll loss was
associated with a decline in the quantum efficiency of
PSII photochemistry. In particular, PSII and Fv/Fm
were markedly reduced in the mutant. Taken to-
gether, the chlorophyll fluorescence and pigment
data for the pgp1 mutant most likely reflect the im-
portance of PG in photosynthesis of seed plants. This
is consistent with previous observations on cya-
nobacterial mutants that are deficient in PG biosyn-
thesis (Hagio et al., 2000; Sato et al., 2000). These
cyanobacterial mutants have an absolute require-
ment for PG supplementation in their medium, and
deficiencies in photosynthetic competence correlate
in severity with the amount of PG in cell membranes,
which can be manipulated in this system through
external supply. What is surprising about the pgp1
mutant in comparison with ats1(act1) is the fact that
in the latter the mutant ion does not show a striking
effect on growth and a less severe effect on photo-
synthesis in spite of a similar reduction in overall PG
content (Kunst et al., 1988). Although we currently
do not know the basis for this difference, we expect
Table II. Pigment content (mg g1 fresh wta and chlorophyll fluo-
rescenceb of wild-type and mutant fully expanded leaves
WT pgp1
Chlorophyll a 1.48  0.08 1.17  0.11
Chlorophyll b 0.49  0.03 0.36  0.03
Chlorophyll ab 1.97  0.11 1.55  0.14
Chlorophyll a/b 3.01  0.02 3.29  0.07
Carotenoids 0.25  0.02 0.19  0.02
Chlorophyll/carotenoid 7.77  0.26 7.99  0.27
Fv/Fm (n  25) 0.79  0.02 0.74  0.01
PSII (n  10) 0.55  0.01 0.49  0.01
Fv/Fm (n  10) 0.69  0.01 0.60  0.01
a Samples were taken from fully expanded leaves of 25 to 30-d-old
plants harvested after 8 h of light exposure. Plants were grown under
a 16-h-light/8-h-dark regime at a PPFD of 75 mol m2 s1 in soil.
Pigment values represent means (SE) of six independent determina-
tions. bData were acquired at a PPFD of 75 mol m2 s2.
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that the detailed analysis of the pgp1 mutant and a
future reexamination of the ats1(act1) mutant may
provide clues toward a deeper understanding of PG
biosynthesis and function in plant chloroplasts.
While this work was under review, Mu¨ller and
Frentzen (2001) published the expression of the PGP1
cDNA in yeast and demonstrated a mitochondrial
localization of the enzyme in this heterologous sys-
tem. Although the data presented here clearly show
that PGP1 is the major chloroplastic isoform of PGP
synthase, we currently cannot rule out that PGP1 is
also associated with mitochondria in Arabidopsis
cells.
MATERIALS AND METHODS
Plant Material
Surface-sterilized seeds of Arabidopsis (ecotype Col-2 or
Landsberg erecta [Ler]-0) mutant, the pgp1 mutant that had
been back-crossed multiple times, ats1(act1) mutant (Kunst
et al., 1988), and pho1 mutant (Poirier et al., 1991) were
germinated on 0.8% (w/v) agar-solidified Murashige and
Skoog (1962) medium supplemented with 1% (w/v) Suc.
The seedlings were kept on agar for 10 d before the transfer
to pots containing a standard soil mixture (equal parts of
Bacto Soil [Michigan Peat Company, Houston], medium
vermiculite, and perlite) drenched with one-half-strength
Arabidopsis nutrient solution (Estelle and Somerville,
1987). Plants were grown in growth chambers (AR-75L,
Percival Scientific Inc., Boone, IA) under light of a photo-
synthetic photon flux density (400–700 nm) of 75 mol m2
s1. A 14-h light/10-h dark regime was applied. The day/
night temperature was controlled at 23°C/18°C.
Genetic and Molecular Procedures
The pgp1 mutant was isolated by TLC of lipid extracts of
individual M2 plants as previously described for the isola-
tion of the dgd1 mutant (Do¨rmann et al., 1995). The pgp1
mutant locus was mapped in a small F2 population (42
homozygous pgp1 plants) derived from a cross of pgp1
(Col-2) to a standard Ler (Ler-0) line employing single
sequence polymorphic markers evenly spaced on the Ara-
bidopsis genome map (http://www.Arabidopsis.org) un-
der conditions described by Bell and Ecker (1994). At least
four markers per chromosome were tested. Standard se-
quence searching tools (Altschul et al., 1990) were used at
the National Center for Biological Information Web site
(http://www.ncbi.nlm.nih.gov) to identify putative PGP
synthase genes in the Arabidopsis genomic sequence (The
Arabidopsis Genome Initiative, 2001). References to the
respective DNA and amino acid sequences are provided as
GenBank accession numbers throughout the text. New se-
quences were obtained at the Michigan State University
Genomics Facility by automated sequencing.
For Southern-blot analysis, Arabidopsis DNA was ex-
tracted from 4-week-old plants (Rogers and Bendich, 1994).
The digested DNA was separated on a 1% (w/v) agarose
gel and transferred onto a Hybond N membrane (Amer-
sham Pharmacia Biotech, Piscataway, NJ). Blots were hy-
bridized at 65°C in standard hybridization solution (250
mm sodium phosphate buffer, 7% [w/v] SDS, 1 mm EDTA,
1% [w/v] bovine serum albumin, and 10 mg mL1 auto-
claved herring sperm DNA). Blots were repeatedly washed
for 15 min in 2 SSC and 0.1% (w/v) SDS.
Cloning of the Mutant and Wild-Type cDNAs and
Expression in Escherichia coli
The PGP1 cDNA was amplified in three steps from an
Arabidopsis gt11 cDNA library derived from leaves. An
internal fragment of the Arabidopsis PGP1 cDNA was
amplified by PCR using the primers 5-CGCTGCAGGT-
CTGGCTTCGTTAAT-3 and 5-CGCTGCAGCTACTTCA-
TTAGTACTTT-3. The 5-terminal region of the cDNA was
obtained by the 5-RACE method (5-Full RACE Core Set,
TaKaRa, Shiga, Japan) and the 3-terminal region by am-
plification using an internal primer and oligo(dT). The
amplified cDNAs were subcloned into pCR2.1 (Original
TA Cloning Kit, Invitrogen, Carlsbad, CA), and their nu-
cleotide sequences were determined. The sequence frag-
ments were combined using appropriate restriction sites to
obtain the full-length cDNA as deposited in GenBank (ac-
cession no. AB048535).
The E. coli mutant YA5512 defective in PGP synthase
(Asai et al., 1989; Usui et al., 1994) was provided by K.
Matsumoto (Saitama University, Japan). A region of the
Arabidopsis PGP1 cDNA encoding the presumed mature
form of PGP synthase (first 93 amino acids removed) was
amplified by PCR using the primers 5-AAGGTACCC-
TTCACCGCCTCCGT-3 and 5-AACTGCAGCTACTTCA-
TTAGTACTTTCCA-3. The corresponding pgp1 mutant
sequence was cloned by RT-PCR using the same set of
primers. For this purpose, total leaf RNA was isolated from
approximately 20-d-old plants according to the method by
Logemann et al. (1987). Poly(A) mRNA was purified us-
ing an oligotex kit from Qiagen (Valencia, CA) according to
the instructions. RT-PCR reactions were performed using
the Omniscript RT-PCR system from Qiagen. The PCR
product was cloned into the ligation-ready vector pPCR-
Script Amp SK (Stratagene, La Jolla, CA). The presence of
the C to T mutation in pgp1 cDNA was confirmed by DNA
sequencing. The amplified DNA fragments from the wild
type and the mutant were digested with KpnI and PstI and
ligated into the KpnI and PstI sites of the expression vector
pQE32 from Qiagen. The resulting plasmids expressing the
wild type (pQE32-PGP1) and mutated protein (pQE32-
pgp1) were used to transform E. coli YA5512. The constructs
were confirmed by sequencing. YA5512 was also trans-
formed with the vector pQE32 for control purposes. The
transformants were grown at 37°C in Luria-Bertani me-
dium supplemented with 100 g mL1 ampicillin. A 3-mL
overnight culture was centrifuged, and the cells were
washed and resuspended in 10 mL of the same medium
with antibiotic. The culture was incubated at 37°C for 3 h,
isopropyl-1-thio--galactoside was added to a final concen-
tration of 0.4 mm, and the culture was further incubated for
3 h at 37°C. Cells were collected by centrifugation (10 min,
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5,000g). The resulting cell pellet was resuspended in 50 mm
Tris, pH 7.2, and 20% (v/v) glycerol and stored at 80°C.
For enzyme assays, the cells were disrupted by one freeze/
thaw cycle and ultrasonification (three times for 20 s). The
sonicated suspension was centrifuged at 15,000g, and the
supernatant (cell-free extract) was used for the assay of
PGP synthase activity as described below.
Complementation Analysis
The full-length coding sequence of wild-type PGP
synthase was amplified by RT-PCR using the primer
5-AAGGTACCATGCTCAGATCCGGTCTGGCT-3 and
5-AACTGCAGCTACTTCATTAGTACTTTCCA-3 as de-
scribed above for the pgp1 mutant sequence. This frag-
ment was ligated into the Stratagene pPCR-Script Amp
SK vector, and the nucleotide sequence was determined.
The insert was excised, with KpnI taking advantage of the
site in the vector and in one of the primers, and was
subsequently cloned into the respective site of the binary
vector pBINAR-Hyg (Do¨rmann and Benning, 1998). Ara-
bidopsis pgp1 (Col-2) plants were transformed in planta
(Bechtold and Pelletier, 1998). Transformants were se-
lected on agar-solidified Murashige and Skoog medium
containing 1% (w/v) Suc and 70 g mL1 hygromycin B.
The lipid phenotype was determined by thin layer chro-
matographic analysis of lipid extracts (see below). The
presence of the transgene construct was confirmed by
PCR using the primers 5-AAGGTACCATGCTCAGATC-
CGGTCTGGCT-3 and 5-ACCATAAGCTTATCAGC-
AACTGGATTCAA-3.
Lipid Analysis
Rosette leaves were immediately frozen in liquid nitro-
gen upon harvesting, and lipids were extracted as previ-
ously described (Do¨rmann et al., 1995). Bacterial cells were
extracted as described by Benning and Somerville (1992).
Lipid extracts were analyzed on activated ammonium
sulfate-impregnated silica gel TLC plates using a solvent
system of acetone:toluene:water (91:30:7, v/v). Lipids were
visualized with iodine vapor and identified by cochro-
matography with lipid extracts of known composition. For
quantitative analysis, individual lipids were isolated from
TLC plates and used to prepare fatty acid methyl esters.
The methyl esters were quantified by GLC using myristic
acid as the internal standard (Rossak et al., 1997).
Chloroplast Isolation and PGP Synthase Assay
Chloroplasts were isolated according to Joy and Mills
(1987) from 4-week-old Arabidopsis plants grown on agar-
solidified Murashige and Skoog medium supplied with 1%
(w/v) Suc. The equivalent of 5 g of rosette leaves was
typically used in a single preparation. The chloroplast PGP
synthase activity was measured by the incorporation of
radiolabled glycerol-3-phosphate into the chloroform-
soluble product PGP according to Mudd and coworkers
(1987). The reaction mixture contained 25 mm HEPES (pH
7.3), 2 mm MgCl2, 0.1 mm CDP-diacylglycerol, 0.5 mm
[14C]dl-glycerol 3-phosphate (1 Ci 150 nmol1), 0.05%
(v/v) Triton X-100, and chloroplast suspension equivalent
to 150 g of chlorophyll in a final volume of 150 L. The
reaction mixture for the determination of galactolipid syn-
thase activities in isolated chloroplasts contained the same
buffer except that 0.5 Ci of UDP-[14C] Gal (325 mCi
mmol1; Amersham) was added instead of CDP-
diacylglycerol and labeled glycerol-3-phosphate. Further-
more, this assay was performed in a total volume of 120 L
containing chloroplasts equivalent to 150 g of chloro-
phyll. The incubations were performed at 27°C for 60 min
and were terminated by the addition of 0.5 mL of 0.1 m HCl
in methanol. The lipids were extracted with 2 mL of chlo-
roform and 3 mL of 1 m MgCl2. The chloroform phase was
evaporated under a stream of nitrogen and then redis-
solved in 0.2 mL of chloroform. A 25-L aliquot was taken
for the determination of radioactivity by scintillation
counting. The remainder was used for lipid analysis by
TLC as described above.
Chlorophyll Fluorescence Measurements and
Pigment Analysis
In vivo room temperature chlorophyll fluorescence was
monitored with plants, which were dark adapted for 1 h as
described (Ha¨rtel et al., 1998c). The fluorescence parame-
ters used in this study are as previously defined (Genty et
al., 1989; van Kooten and Snel, 1990). Pigments were de-
termined as described by Lichtenthaler (1987).
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